[1] Mineral dust aerosol optical depth (AOD) at 11 mm and effective radius are retrieved from ground-based spectral infrared (8-13 mm) radiance observations collected in Niamey, Niger, in 2006 with the Atmospheric Radiation Measurement (ARM) mobile facility. The algorithm used in this study has the ability to differentiate between two different mineral types, allowing the AOD and effective radius of each mineral to be retrieved as long as the minerals have significant and spectrally different absorption bands in the infrared. Kaolinite, gypsum, and quartz, common minerals found in African deserts, have different infrared absorption features and are used in this work. The mineral combination that yielded the best fit to the observations, after accounting for the increased degrees of freedom in the dual mineral fits, was identified as the ''radiatively significant'' composition of the dust. The results were analyzed as function of period (premonsoon, early monsoon, late monsoon, and postmonsoon) as well as by back-trajectory direction. High-AOD events occurred in all four periods, with more high-AOD events occurring during the drier premonsoon and postmonsoon periods. Kaolinite is an important component to the dust, with 94% of the retrievals having a significant amount of this mineral. Kaolinite + gypsum was determined to fit the spectral observations the best in nearly two thirds of the observations. Additionally, the amount of gypsum was dependent on the back-trajectory direction, with a larger fraction of the total AOD due to gypsum when the flow was from east of the Niamey site. 
Introduction
[2] Climate change, and in particular anthropogenic climate change predicted by numerical models, is arguably one of the more important issues facing scientists and policymakers today. However, in order to characterize and quantify anthropogenic climate change, many components of the climate system need to be better understood. In particular, aerosol radiative forcing is very uncertain in climate models [Schwartz and Andreae, 1996] . Mineral dust composes a significant fraction of the atmospheric aerosol, yet the total radiative forcing due to dust can be either positive or negative at the top of the atmosphere owing to a large number of factors such as the size distribution of the dust particles, the optical depth of the dust, the surface albedo, etc. [Tegen et al., 1996] . Additionally, aerosol forcing in the infrared is generally not included in many climate models, even though atmospheric dust can have a large impact on the infrared radiative fluxes at the surface and top of the atmosphere [Vogelmann et al., 2003] .
[3] Mineral dust in the atmosphere is often episodic, and particular atmospheric conditions are needed to loft the dust from the Earth's surface into the atmosphere [e.g., Washington et al., 2006a Washington et al., , 2006b . Atmospheric dust can impact surface temperatures [Tegen et al., 2006] , and owing to the radiative heating in the column, dust can also modify the circulation of the atmosphere [Tegen et al., 1996] . Thus, the impact of dust on climate is very uncertain [Intergovernmental Panel on Climate Change, 2001] .
[4] Atmospheric dust is primarily composed of clay minerals and silicates [Falkovich et al., 2001] , but the exact composition depends on a multitude of factors including the parent surface, the process that mobilized the dust initially, and the atmospheric conditions that are keeping the dust aloft [Sokolik and Toon, 1999] . Atmospheric dust must be traced back to its source region and the optical properties and chemical composition characterized in order to improve dust emission and transport models [Kinne et al., 2003 ].
[5] A variety of investigators have attempted to retrieve the composition of mineral dust from ground-based remote sensors. Dubovik et al. [2000 Dubovik et al. [ , 2002 have developed a method to retrieve the refractive index of atmospheric dust from AERONET sunphotometer data [Holben et al., 1998 ]; however, this method has significant uncertainties when the visible optical depth is low (i.e., below approximately 0.15). Kassianov et al. [2005] used solar direct and diffuse observations from a multifilter rotating shadowband radi-ometer (MFRSR) to derive the refractive index and particle size of dust aerosols, but their method fails when the aerosol particles are too large. Koven and Fung [2006] investigated the differences in dust optical properties in the visible and near infrared over North Africa. Dust composition has also been inferred from space-borne MISR observations [Kalashnikova et al., 2005] . All of these techniques used radiance or irradiance observations in the visible or nearinfrared mainly to characterize the amount of hematite in the dust, as hematite has an absorption band in the visible portion of the spectrum.
[6] In this study, we use spectrally resolved zenith infrared radiance (8 -13 mm) data to determine the composition of the airborne dust, as well as the optical depth and effective radius of the dust particles. Rathke et al. [2002] were able to identify the ''radiatively significant'' aerosol composition using spectrally resolved infrared observations in Antarctica to surmise the chemical composition of the aerosol. As Rathke et al. point out, we can only surmise what the true composition of the mineral dust is, because some aerosol chemical species do not have spectral signatures in the 8-to 13-mm band (e.g., hematite has no spectral features in the imaginary refractive index in this band [Marra et al., 2005] ), while other minerals may have similar refractive index spectra (e.g., kaolinite and montmorillonite [Roush et al., 1991] ). Hence, we will restrict our analysis to quartz, gypsum, and kaolinite minerals, as these are among the main constituents in atmospheric dust [Sokolik and Toon, 1999] , and these three minerals also have distinctly different absorption bands in the infrared (Figure 1 ). The refractive indices of these three minerals result in unique ground-based infrared radiance spectra (Figure 2) , from which the composition of the mineral can be deduced. However, like Rathke et al., our results will only yield the ''radiatively significant'' composition of the mineral dust, because the infrared will have no sensitivity to some minerals that do not have infrared absorption bands and will be unable to determine between minerals that have very similar absorption bands.
[7] Knowledge of the mineral dust composition is not only important for the validation of aerosol transport models, but also for properly characterizing the radiative impact of the dust. Figure 3 illustrates the differences in the top-ofatmosphere (TOA) and surface longwave radiative fluxes as a function of the mineral aerosol optical depth (AOD) for kaolinite, gypsum, and quartz. These calculations, computed using the line-by-line discrete ordinates (LBLDIS) radiative transfer model [Turner, 2005] , used temperature and water vapor profiles measured by a radiosonde launched at the Niamey site on 15 March 2006 that had a precipitable water vapor amount of 1.36 cm (typical premonsoon conditions). A single dust layer was assumed to exist in the lowest 1 km of atmosphere, and the effective radii of the dust particles as specified to be 1.5 mm. The differences in the downwelling longwave radiation at the surface are approximately 10 W/m 2 for large AOD values among the three different compositions. However, the differences in TOA longwave flux at large AOD approach 15 W/m 2 , with a kaolinite dust layer yielding significantly larger TOA flux values than dust layers composed of either of the other two minerals. This difference in TOA sensitivity is explained by the location of the absorption bands of the different minerals, with the primary absorption band for kaolinite overlapping with the 9.6-mm ozone band, which thus mutes the affect of the kaolinite dust particles on the TOA flux. The sensitivity of the longwave radiative flux to the mineral composition is thus quite significant, implying that studies that investigate the connection between the radiative properties of dust and the structure of the lower troposphere must account for the composition of the dust particles.
[8] We have analyzed the one year of data collected in 2006 by the Atmospheric Emitted Radiance Interferometer (AERI), which is part of the Atmospheric Radiation Measurement (ARM) program's mobile facility (AMF). The AMF was deployed to Niamey, Niger (2.18°E, 13.48°N; Figure 4 ) as part of the Radiative Atmospheric Divergence using AMF, GERB (Geostationary Earth Radiation Budget experiment), and AMMA (African Monsoon Multidisciplinary Analysis) Stations (RADAGAST) experiment; details of this experiment including motivation, background, and general synoptic conditions is given by Slingo et al. [2008] . For cases where no clouds were overhead, the optical depth, effective radius, and the radiatively significant mineral composition were retrieved from the highspectral-resolution infrared radiance observations made by the AERI. These data were then analyzed to look at the distribution of optical depth, effective radius, and composition as a function of season and wind direction to characterize the dust properties above the Niamey site. While the data set does not span a long enough time period to develop a robust climatology of the dust, these results are useful for gaining insight into the properties of the dust above Niamey, for analyzing the radiative impact of the dust, for aerosol emission/transport model validation, and for satellite validation.
Instrumentation
[9] The AMF started operation in Niamey on 7 January 2006 and collected data until 6 Jan 2007 with a wide variety of in situ and remote sensing instrumentation, including state-of-the-art passive radiometers [Miller and Slingo, 2007] . In addition to the AERI (described in detail below), this analysis also uses data from the microwave radiometer (MWR) and radiosonde profiles to characterize the atmospheric state, which is needed in the retrieval process (described in section 3).
[10] Vaisala RS92 radiosondes were launched every 6 h during the RADAGAST campaign; however, these radiosondes have a daytime dry bias and perhaps a small nighttime bias as well [Cady-Pereira et al., 2008; Vömel et al., 2007] . We have scaled the radiosonde humidity profile using a height-independent scale factor that removes, to first order, the bias in the humidity profile . This scale factor is the ratio of the precipitable water vapor retrieved from the MWR [Turner et al., 2007] to the integrated water vapor from the original radiosonde profile; thus, the scaled radiosonde humidity profile is now consistent with the MWR-retrieved PWV value. This process significantly reduces the variability in the calibration of the radiosonde humidity profiles and accounts for any bias in the PWV in the radiosonde data ]. [Knuteson et al., 2004a [Knuteson et al., , 2004b . The AERI is built around a commercial interferometer and uses mercury cadmium telluride (MCT) and indium antimonide (InSb) detectors in a ''sandwich'' arrangement that provide good sensitivity to downwelling infrared radiation. The field-of-view of the instrument is 46 mrad. The AERI periodically views two well-characterized, high-emissivity blackbodies, one of which is held at 60°C while the other floats at ambient temperature. During RADAGAST, the AERI measured downwelling radiance from the atmosphere for 3 min, and then looked at each of the blackbody targets for approximately 2 min, resulting in a complete measurement cycle of about 7 min per sky spectrum with excellent signal-to-noise ratio across the spectrum.
[12] The dust retrieval algorithm assumes that the instrument has good radiometric calibration. The absolute calibration of the radiance data is better than 1% of the ambient radiance (3-s) and is achieved through accurate monitoring of the blackbody temperatures (as well as the structural temperatures around the blackbodies) together with corrections for the instrument self-apodization and nonlinearity in the MCT detector [Knuteson et al., 2004b] . The radiometric uncertainty of the AERI observations is determined from the imaginary portion of the calibration equation [Knuteson et al., 2004b] , and thus the scene-dependent instrument noise is determined directly for each AERI observation. AERI data have been used to evaluate and improve radiative transfer models, inverted to retrieve profiles of temperature and humidity, and to retrieve cloud properties in ice-only, liquid-only, and mixed-phase clouds.
[13] An important feature of all ARM AERI systems, including the system deployed to Niamey, is that the front end of the optical system, i.e., where the scene-selection mirror and blackbodies are located, is enclosed and a ventilating fan is used to direct air upward out of the AERI's sky port. The incoming air is filtered to remove any particles, and the outgoing airflow keeps atmospheric dust from settling on the scene mirror. If large particles, such as dust, were present on the gold scene mirror then this would effectively broaden the AERI's field-of-view (FOV) via scattering, and thus it may be possible for the FOV to fall outside the aperture of the blackbodies and/or sky port. To mitigate this possibility, a baffle with an aperture is fitted to the scene mirror. This baffle rotates with the scene mirror, thus ensuring that if the FOV is indeed being broadened by the presence of dust on the scene mirror that the contribution from outside the normal FOV comes from this baffle. This contribution would then be the same for both the blackbody and sky views, and thus the contribution would be removed via the calibration process [Knuteson et al., 2004a] .
AERI: Correction for Warm Bias
[14] While the AERI blackbodies are well characterized and corrections are applied to account for the nonlinearity of the longwave detector, we have observed a very small warm bias in the radiance observations from multiple AERI systems relative to line-by-line radiative transfer model Figure 1 . Refractive indices of kaolinite [Roush et al., 1991] , gypsum [Aronson et al., 1983] , and quartz [Spitzer and Kleinman, 1961] in the thermal infrared. The vertical gray bars are the locations of the 19 microwindows used in the retrieval (from Table 1 ). Figure 2 . Downwelling radiance at the surface for four different simulations: an aerosol-free case and three cases with an aerosol layer composed of minerals of a single composition. In the aerosol cases, the AOD was set to 1.0 at 900 cm
À1
, the effective radius was 1.4 mm, and the aerosol layer existed from the surface to 1 km. The thermodynamic profile is from a radiosonde observation on 7 March 2006 at Niamey, and the PWV is 1.06 cm. The kaolinite aerosol case has a larger radiance signal at 920 cm À1 relative to the other two mineral calculations, the gypsum has a larger radiance signal at 1100 cm
, and quartz has larger radiance at 780 cm
. These spectral differences in the downwelling radiance allow the mineral composition to be determined from the AERI radiance observations. Note that the 9.6-mm ozone band, which covers the spectral region from approximately 980 to 1080 cm
, is highlighted here because there are significant uncertainties in the ozone concentration that make using data in this spectral region problematic for aerosol retrievals. A ''radiance unit'' (RU) is 1 mW/(m 2 sr cm
). [Turner et al., 2004] , the ARM North Slope of Alaska site (J. S. Delamere et al., A far-infrared radiative closure study in the Arctic: Application to water vapor, manuscript in preparation, 2008), and for the AERI data set collected during the Surface Heat Energy Budget of the Arctic (SHEBA) campaign [Turner, 2003] . Turner [2003] demonstrated that this bias is not associated with the model calculations (e.g., errors in the input water vapor profile, model parameters such as water vapor continuum). Our hypothesis is that the warm bias is due to a small contribution inside the instrument that is not accounted for in the instrument's calibration; however, this bias appears to be constant over time for each particular instrument. Following Turner [2003] , we model this bias as if there were a slight obstruction in the instrument's field-ofview,
where the observed radiance is given by N obs , the true sky (scene) radiance by N sky , the fraction of the field of view filled by the obstruction is given by f, the emissivity of the obstruction is assumed to be 1, and the effective temperature of the obstruction (T eff ) is assumed to be the temperature of the support structure of the instrument (which is observed and stored in the data). The fraction f is assumed to be independent of wavelength, while all of the other terms have wavelength dependence.
[15] To determine the value of f using equation (1), we need to have a good estimate of N sky , which we compute using the line-by-line radiative transfer model. The uncertainty in calculation of N sky is reduced if there are no aerosols to be accounted for and the water vapor amount is small. Thus, we searched for dust-free cases with low PWV near a radiosonde launch time in our data set. An initial analysis of the retrievals (described below) suggested that these conditions existed on 2 May, 2 November, and 23-26 December 2006 (9 cases). Using the line-by-line radiative transfer model calculation (which used the MWRscaled radiosonde profiles as input) as the true clear-sky radiance N sky , the values of f were derived using radiance in the 830 -840 cm À1 region (note that gypsum, quartz, or kaolinite have an absorption band here). The mean value of f from these nine cases is 0.010 ± 0.002. Because the AERI was not moved after its initial setup, obstruction fraction f was assumed to be constant for the entire year, and the data were corrected by rearranging equation (1) to compute N sky from the AERI observation N obs .
[16] The application of the obstruction correction reduces the magnitude of the observed radiance spectra slightly, thus reducing/eliminating the warm bias in the AERI observations. Correcting for the warm bias results in a mean reduction in the retrieved AOD of approximately 0.05 relative to the original radiance observations.
Retrieval Algorithm
[17] A retrieval algorithm, called the MIXed-phase Cloud Retrieval Algorithm (MIXCRA), was used to retrieve the AOD and effective radius of the mineral dust. This algorithm was developed initially to retrieve the optical depth and effective radius of both the liquid and ice components simultaneously in mixed-phase clouds from AERI radiance observations [Turner, 2005] by taking advantage of the different absorption bands of liquid and ice to separate the two phases (ice is more absorbing than liquid at 12 mm while the opposite is true at 18 mm). In order to separate the optical depth of any two components (e.g., liquid versus ice, ice versus dust, different types of dust) using this algorithm, the refractive indices must be ''orthogonal'' (i.e., not correlated with wavelength). Simply stated, there must be spectral regions where one mineral is more absorbing than the other and vice versa in the spectral range spanned by the AERI observations and in spectral bands that are not opaque at the surface (such as the 15-mm CO 2 band, or 6.7-mm water vapor band). For this reason, the contribution to the AOD of minerals that have no spectral absorption features cannot determined, nor can the relative contributions between two minerals with similar refractive indices be separated; this is why this method is only able to determine the ''radiatively significant'' composition.
[18] The setup and mechanics of the aerosol retrieval performed here are similar to the approach used by Turner [2005] . We have replaced the scattering properties look-up tables of Turner [2005] with tables that are appropriate for the kaolinite, gypsum, and quartz particles (details are below). The retrieval algorithm uses an optimal estimation approach; therefore the optical depth of one ''phase'' can be essentially fixed to zero using the a priori input forcing the algorithm to become a single-mineral retrieval, if desired. The state vector X is defined as X = [t, r e ] for a singlemineral retrieval or X = [t 1 , r e1 , t 2 , r e2 ] when a dual-mineral retrieval is performed (the subscripts 1 and 2 indicate different minerals), where t is the AOD for the mineral and r e is the corresponding effective radius. The a priori state vector, which is utilized by the optimal estimation retrieval, is assumed to have t = 0.3 ± 0.5 and r e = 0.8 ± 0.3 mm for each mineral. The Jacobian matrix, which captures the sensitivity of the forward model to perturbations in the state vector, is estimated using finite differences of the LBLDIS calculations.
[19] Simulated radiance observations with realistic random noise were used to evaluate the accuracy of the retrieval algorithm. The results (which are similar to the mixed-phase cloud results of Turner [2005] ) demonstrate that the algorithm is able to determine the total AOD very accurately (within 1%), but that there is a small amount of ''cross talk'' in separating the relative amount of AOD for each mineral (in a dual-mineral retrieval); this error is less than 5%.
[20] There are many free parameters in the aerosol retrieval problem that either need to be assumed or retrieved. For example, the aerosol size distribution is typically bimodal (as illustrated in Figure 5 ), with a fine and a coarse mode, and the chemical composition of each mode can be different. These two modes are typically modeled as lognormal distributions, but the mean value and the width of the two modes can be quite variable and depend strongly on the composition, source region, and aging of the aerosol particles. However, the thermal infrared observations are primarily sensitive to only the coarse mode of the aerosols, as indicated by the 8.0-mm bar in Figure 5 which shows the size parameter (c = 2pr/l) as a function of the aerosol radius. For c ( 1 the aerosol particles are in the Rayleigh scattering regime and the emission contribution to the downwelling radiance is negligible; consequentially the 8-to 13-mm AERI observations are essentially insensitive to the fine mode aerosols. In should be noted that both the fine and the coarse modes must be accounted for when computing the dust's contribution to the shortwave radiant flux.
[21] Thus, we have chosen to model the dust as a singlemode lognormal size distribution, where the width of the size distribution was assumed to be 0.7 mm and the mean value of the distribution is allowed to change to provide a range of effective radii from 0.01 to 12 mm. (The MIXCRA retrievals are relatively insensitive to this assumed spectral width value.) Even though there is significant evidence to the contrary, we assume that the dust particles are spherical so that Mie theory can be used to compute the single scattering properties of the dust particles from the refractive indices. Kalashnikova et al. [2005] concluded that errors in the assumed shape of the dust particles were unlikely to impact their retrievals significantly even though their radiance observations were in the visible and near-IR wavelengths where scattering is a much larger signal than the aerosol emission. Our assumption of spherical particles will not impact the accuracy of our infrared retrievals significantly since the dust absorption is quite high and the retrieval is based upon the emission of the dust particles. We also assume an external mixture of the dust composition (i.e., that each dust particle is composed of a single mineral but that there are particles of different minerals within the volume); this may introduce some small errors in the retrieved variables. There is evidence that clay minerals, even ''nonswelling'' clays such as kaolinite, can adsorb water vapor and thus swell to larger sizes and change the scattering properties of the aerosol [Schuttlefield et al., 2007] ; however, since this water vapor uptake is a strong function on the exact nature of the mineral sample, we assume no dependence on relative humidity here. Finally, Dufresne et al. [2002] have demonstrated that scattering effects in the longwave are not insignificant and need to be accounted for; because the radiative transfer model used in MIXCRA is LBLDIS, a combination of the line-by-line radiative transfer model LBLRTM and discrete ordinates radiative transfer solver DISORT [Turner, 2005] , scattering is accounted for in our retrieval.
[22] Since gypsum, kaolinite, and quartz all have significantly different absorption bands in the 8-to 13-mm region (Figures 1 and 2) , the MIXCRA algorithm was used to separate the total AOD signal into components of any two of these minerals simultaneously. However, in a dual- TURNER: INFRARED RETRIEVALS OF DUST PROPERTIES mineral retrieval, the algorithm attempts to fit the observed radiance with 4 separate variables (t 1 , t 2 , r e,1 , and r e,2 , where 1 and 2 refer to minerals 1 and 2 used in the retrieval, respectively, t is the optical depth, and r e is the effective radius), while there are only 2 degrees of freedom if the algorithm is run in single-mineral mode (i.e., solving for t 1 and r e,1 because t 2 is assumed to be zero). However, because of the additional degrees of freedom, the dualmineral retrieval will always result in a better fit to the observed radiance than if the algorithm were run in a singlemineral mode, but it may not be a statistically better fit. Thus, MIXCRA was run 6 separate times for each cloudfree AERI observation: three times in single-mineral mode (kaolinite-only, gypsum-only, quartz-only) and three times in dual-mineral mode (kaolinite + gypsum, kaolinite + quartz, gypsum + quartz). For the converged retrieval in each of the six cases, the root-mean square difference between the observed radiance and the computed radiance in the 19 microwindows used in the retrieval (Table 1) was computed, and the compositions that yielded the best singlemineral fit and dual-mineral fit for each sample were identified. (A microwindow is a region of the spectrum between absorption lines.) A statistical F test was then applied to determine if the best dual-mineral fit was indeed statistically better than the best single-mineral fit; the best fit retrieval (whether single or dual mineral) was saved for that AERI observation.
[23] Finally, while there is information on the vertical distribution of the aerosols above Niamey from the AMF micropulse lidar, the lidar is sensitive primarily to the vertical distribution of the fine mode aerosols because it operates at a wavelength of 0.523 mm. Thus, we have assumed that the mineral dust is a homogeneous layer (i.e., has constant infrared extinction) from the surface to 1.5 km. The assumed constant extinction profile may result in a small error in the effective radiating temperature of the dust layer that translates into an error in the retrieved optical depth; however, the impact is relatively small for optical depths less than 1. In the retrievals performed here, we have assumed that the uncertainty in the effective temperature of the dust layer is 2 K, and this translates into an uncertainty of less than 0.02 in the retrieved AOD. A small error in the effective temperature of the layer (i.e., the vertical profile of the dust extinction) does not affect either the retrieved effective radius or composition.
Results
[24] The MIXCRA retrievals were applied to all of the cloud-free AERI observations during the AMF deployment to Niamey, as radiance from clouds (even thin cirrus) would affect the ability of the algorithm to determine the mineral composition of the dust. The micropulse lidar data and the temporal variability of the AERI radiance at 11 mm were used to identify cloudy periods and eliminate them from the analysis; nonetheless, a large number of samples (16, 755) were analyzed since a large fraction of the yearlong data set was cloud-free. We first will illustrate the aerosol retrieval algorithm's capability on a 4-day period in March when a significant dust storm event occurred in the Sahel. Then, the results from the year-long analysis will be presented and discussed.
Case Study: Dust Storm Event
[25] From 7 to 10 March 2006, the Niamey area experienced a widespread dust storm event that was triggered by an anomalously strong northerly flow, which lofted and carried large amounts of dust from and through northern and central Africa. Slingo et al. [2006] described this storm and its impact on both the longwave and shortwave radiative fluxes at the surface and top-of-the-atmosphere. The mineral dust properties were retrieved from the AERI data during the cloud-free periods during this event.
[26] Figure 6 provides some example AERI radiance observations during this dust storm (blue), along with LBLDIS calculations using both the MIXCRA-retrieved aerosol properties (red) and assuming no aerosols (i.e., ''clear'' or pristine sky conditions in gray). In each of the four cases, the kaolinite + gypsum retrieval was determined to be the best mineral combination, with the 11-mm AOD of the kaolinite and gypsum given by t 1 and t 2 , respectively. (All AOD values are henceforth at 11 mm unless otherwise noted.) The results in Figure 6 illustrate the quality of the fit across the 8-to 13-mm spectrum, including matching the spectral features at 920 cm À1 and 1120 cm À1 , for both the prestorm example on 7 March at 0334 UTC (t tot = 0.12) and the three examples from the dust storm (t tot = 0.59, 0.51, and 0.69, respectively). Interestingly, the kaolinite fraction, defined here as F kao = t kao /t tot where t kao is the AOD of the kaolinite, changed significantly as the dust storm evolved (from F kao = 65-68% on the 7 and 8 March to F kao = 43% on 10 March), with the winds on 7 March and 8 March being from the north while the winds on 10 March were more easterly (see section 4.2 for more discussion regarding the dependence of F kao on wind direction). The difference between the AERI observation These spectral regions are chosen in ''microwindows'' in the spectrum that are relatively free of water vapor or other gaseous absorption lines. No microwindows were used in the 980 -1080 cm À1 region owing to the strong ozone contribution to the radiance in this spectral region.
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TURNER: INFRARED RETRIEVALS OF DUST PROPERTIES and the ''clear-sky'' calculation indicates the spectral radiance signature of the dust forcing at the surface. It should be noted that ozone is a major contribution to the downwelling radiance from 980 to 1080 cm À1 , and the MIXCRA algorithm does not use any information in this spectral region in the retrieval owing to the uncertainty in the ozone concentration with height above the instrument. The agreement between the AERI radiance observations and the LBLDIS calculation in 980 -1080 cm À1 spectral region is fortuitous since the ozone concentration and the temperature profile in the middle-to-upper stratosphere was unknown.
[27] Most ground-based aerosol remote sensing techniques use observations in the visible or near-infrared (i.e., wavelengths shorter than 1.05 mm), and consequentially are limited to daytime conditions only. The AERI-based aerosol retrievals do not have this restriction, and thus the variability of the AOD across the diurnal cycle can be investigated. Figure 7 shows the evolution of the 11-mm AOD (blue) for this 4-day period, as well as the derived effective radius (red) from the MIXCRA retrievals. Figure 7 also shows the 1.02-mm AOD retrievals from the AERONET Cimel sunphotometer [Dubovik et al., 2000] (purple crosses), located at the rural Banizoumbou site 60 km east of Niamey, where the Cimel data have been scaled by log(11.0 mm/1.02 mm). The AOD at 0.5 mm retrieved from the MFRSR [Kassianov et al., 2005] at the AMF site is also shown (green diamonds). During this 4-day period, optically thin cirrus appeared overhead for several short intervals; these periods were identified by analysis of the micropulse lidar data and are indicated by the gray shaded vertical bars. The MIX-CRA retrievals were performed in these cloudy periods for this case study to illustrate the impact that optically thin clouds have on the retrieved dust properties. Note that the presence of the overhead cirrus impacts both the AERIretrieved AOD and the effective radius, generally resulting in positive biases in both AOD and effective radius, with the effect being larger in the latter because these cirrus clouds were optically thin.
[28] The AERI-retrieved AOD results in Figure 7 illustrate that there were several episodes during this storm event, with significant increases in the AOD on 7 March at 1200 UTC, on 8 March starting at 1200 UTC, and again on the 9 March starting at 0330 UTC. The temporal evolution of the mineral AOD is much easier to characterize using the infrared retrievals, as the solar-based methods (Cimel and MFRSR) do not provide any information at night. The effective radius of the kaolinite component of the dust retrieved from the AERI observations was a maximum of nearly 3.4 mm during the first episode of dust over Niamey on 7 March, and then gradually decreased during the next several days. The number of relatively large particles on 7 March is supported by the fair agreement between the 0.5-mm AOD from the MFRSR and the 11-mm AOD from the AERI. However, the relative number of smaller particles in the atmosphere increases significantly during 8 -10 March, as the MFRSR-derived AOD, which is sensitive to both the fine and coarse mode aerosol particles (see Figure 5) , is significantly higher than the AERIretrieved AOD.
Year-Long Analysis
[29] The Sahel region of Africa experiences a significant change in the meteorological and dust conditions depending on the location of the intertropical front (ITF) [e.g., Mbourou et al., 1997] . When the ITF at its more southerly location, Niamey and the entire Sahel area experience dry and dusty conditions; however, when the ITF moves toward its northerly location the Sahel experiences monsoon conditions and is much moister with significant amounts of precipitation. Furthermore, the change in the ITF location changes the wind patterns over the Sahel [e.g., Slingo et al., Figure 6 . AERI-observed infrared downwelling radiance (blue), LBLDIS computed radiance where the input dust properties were retrieved from the observations by MIXCRA (red), and aerosol-free radiance calculations (gray) for 4 different cloud-free times during the March 2006 dust storm. The retrieved 11-mm AODs for kaolinite and gypsum are given by t 1 and t 2 , respectively. A ''radiance unit'' (RU) is 1 mW/(m 2 sr cm
À1
).
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2008]. Therefore, it is reasonable to expect changes in the AOD and composition associated with the location of the ITF.
[30] Slingo et al. [2008] have indicated that the onset of the monsoon in 2006 was not as dramatic over Niamey as is typically experienced at this location. Thus, we have elected to divide the year into 4 distinct periods: a premonsoon period when the ITF was south of the AMF site (from 7 January to 15 April), an early monsoon period that experienced the ''false monsoon'' (16 April to 3 July), a late-monsoon period when the ITF was well north of the AMF site (4 July to 28 October), and a postmonsoon period when the ITF moved well south of the AMF site again (29 October to 6 January).
[31] The time series of 11-mm AOD for the year is shown in Figure 8 , with the four periods identified. The dust storm on 7 -10 March is clearly the largest aerosol loading event, from an 11-mm point of view, during the entire year; however, there were significant aerosol loading events in the postmonsoon period as well as the early monsoon period. There are relatively fewer AOD retrievals during the two monsoon periods, especially the latemonsoon period, owing to the increased presence of clouds. The distributions of AOD for the four periods are shown in Figure 9 . The AOD distribution is fairly similar for the premonsoon and postmonsoon periods, but the AODs are significantly smaller during the late-monsoon period.
[32] A natural question is: how accurate are the AERIretrieved dust optical depths? To address this question, we compared the 11-mm AODs retrieved from the AERI with the 1.02-mm AODs derived from the Cimel sunphotometer (level 1.5) collected at Banizoumbou in clear-sky cases. A Cimel was installed at Niamey but was not operational until August 2006; thus we elected to use the larger data record at Banizoumbou for this comparison (Figure 10 ). The two data sets (Cimel from Banizoubou and MIXCRA) showed an excellent correlation (r = 0.913), with a linear relationship of Cimel_AOD (1.02 mm) = 2.175 Â MIXCRA_AOD (11.0 mm) + 0.106 determined via simple linear regression (Figure 10a ). Using the level 2 AERONET Cimel data from Banizoumbou in the comparison changes the statistics slightly, yielding a linear relationship of Cimel_AOD(1.02 mm) = 2.165 Â MIXCRA_AOD(11.0 mm) + 0.121 and a correlation coefficient of 0.905, but the number of points available from level 2 is only 1026 versus 6033 using level 1.5 Cimel data. The Å ngström exponent derived from the 1.02-mm Cimel AOD data and the 11-mm MIXCRA AOD retrievals is 0.526 ± 0.232, which is quite similar in both mean value and standard deviation to the Å ngström exponent derived from the 0.675-mm and 1.020-mm Cimel AOD data (0.487 ± 0.215). However, while the mean values and the distribution (Figure 10c ) of these two different Å ngström values are similar, the correlation is poor (r = 0.095).
[33] As indicated above, a significant change in the wind direction is associated with the change in the location of the ITF. Slingo et al. [2008] show a substantial difference in the back-trajectories at 500 m (where the dust is assumed to reside) for the 4 different periods; the predominate backtrajectory direction is from the northwest-to-east during the premonsoon, rotating to the southwest with some notable events from other directions during the early monsoon period, to being predominantly from the south-to-southwest during the late-monsoon period, and then rotating back to a easterly direction during the postmonsoon periods. (Backtrajectories were computed with the HYPLIT model using analyses from the National Center for Environmental Prediction (NCEP) Global Data Assimilation System (GDAS).) Figure 11 shows the distribution of the daily averaged AERI-retrieved 11-mm AOD as a function of the backtrajectory direction, separated into octants, during the four periods. The gray diamonds are the actual daily averaged AOD values, with the number of samples in that octant listed directly below the octant's label. The filled black circle shows the median AOD value, with the black box showing the interquartile (25th to 75th percentile) spread and the vertical black bars showing the 5th to 95th percentile spread. Figure 11 illustrates, in a qualitative manner, the AOD's dependence on wind direction, as well as the relative fraction of time that the winds were from that direction.
[34] In the premonsoon period, the winds were primarily from the north, northeast, or east. The median AOT was larger when the winds were from the east than when the winds were from the north or northeast; while a few cases of significantly high AOD were noted when the winds were from the north or northeast, these few cases amounted to a small fraction of the total cases in those clusters. In the postmonsoon periods, the flow was either from the northeast or the east, but the median AODs were approximately the same; more frequent large AOD events were observed when the flow was from the east versus from the northeast. During the late-monsoon period, the flow was primarily from the southerly direction, and the median AOD was Figure 7 . Time series of MIXCRA-retrieved 11-mm AOD (blue) and effective radius of the kaolinite component (red, micrometers) during the March 2006 dust storm. Vertical light gray bars indicate periods when thin cirrus were in the AERI's field-of-view as determined from ground-based lidar data. The AOD data show that there were several pulses of dust in this particular storm, whereas the effective radius of the kaolinite component show that the initial episode of dust had the largest dust particles ($3.5 mm) and that the effective size slowly decreased over the life of the storm. The visible (0.5 mm) AOD derived from the MFRSR are provided in green, as well as the 1.02-mm AOD from the Cimel, where the latter have been scaled to 11-mm AOD by multiplying by log(11.0 mm/1.020 mm).
quite small and had no significant dependence on wind direction. Interestingly, during the early monsoon period when the wind conditions were primarily from the south [see also Slingo et al., 2008, Figure 9 ], the median AOD in the clusters when the flow was from other directions was relatively high. Because the surface is still relatively dry and bare (relative to the late-monsoon period), it seems that strong weather events associated with the onset of the monsoon are responsible for the lofting the dust in this early monsoon period. However, the number of samples in the different wind octants during the early monsoon period is small and thus pertains to a few distinct dust events.
[35] The radiatively significant aerosol composition for each successful cloud-free AERI sample was determined via an F test of the best single-mineral fit versus the best dualmineral fit, as described above. Table 2 provides a breakdown of the number of cases that were classified as kaolinite-only, gypsum-only, quartz-only, kaolinite + gypsum, kaolinite + quartz, and quartz + gypsum for each of the four periods, as well as for the entire year. Kaolinite is an important component of the total mineral composition, with 94% of the retrievals during the year indicating that kaolinite (or minerals with similar refractive index spectra as kaolinite) was a significant component. This may have been suspected, since kaolinite has been shown to make up over 50% of the clay fraction of the soil particles with radius less than 1.5 mm in the Sahel region [Hoose et al., 2008] . The most common mineral composition was a mixture of kaolinite+gypsum, with this combination considered the best in over 66% of the retrievals during the year. However, the fraction of cases where this mineral combination was considered the best was a function of period, which may imply a dependence on back-trajectory direction (i.e., origin of the air mass) although other factors may influence the mineral dust composition [e.g., Sokolik and Toon, 1999] . The fraction of cases where kaolinite + gypsum offered the best fit ranged from 19% of the time in the late-monsoon period to 75% of the time in the postmonsoon period. The mineral composition that fit the radiance observations the second best (after kaolinite + gypsum) was kaolinite-only dust, which was considered the best fit in 20% of the AERI retrievals. Interestingly, the fraction of cases where kaolinite + quartz offered the best fit was relatively constant at 7 -8% in all periods, and the number of cases where the radiative composition was best described by only quartz or quartz + gypsum was almost negligible (0.3%).
[36] In all of the cases, single-mineral compositions were determined to yield the best fit statistically (as judged by the F test) approximately 25% of the time, and dual-mineral compositions yielding a better fit in the rest of the cases. The number of cases where single-mineral compositions were better than dual-mineral compositions were much larger in the two monsoon periods relative to the premonsoon and postmonsoon periods, with single-mineral fits determined to be better than dual-mineral fits 72% of the time in the late-monsoon period ( Table 2 ). Cases that were determined to have single-mineral compositions typically had 11-mm AOD values below 0.1; however, over two thirds of all of the cases with AOD < 0.1 were determined to have dual-mineral compositions. The late monsoon was characterized by flow from the south, low dust aerosol optical depths (Figures 9 and 11) , and significantly larger precipitable water vapor amounts than the premonsoon and postmonsoon periods [e.g., Slingo et al., 2008] . As the PWV increases, the downwelling radiance is more heavily dominated by the water vapor emission (which increases by approximately the square of the PWV in the microwindows used in these retrievals). Thus, for larger PWV amounts, the uncertainty in the AOD retrieval increases, especially for cases with low amounts of aerosol, and the quality of the fit is decreased. Nalli et al. [2006] point out how fluctuations in PWV, especially when the PWV is large, can mask the signal from aerosol fluctuations; fortunately, the accurate water vapor retrievals from the MWR [Turner et al., 2007] account for the majority of the fluctuations in water vapor. Nonetheless, the decrease in the quality of the fit when the PWV is large does not depend largely on the aerosol composition, and thus the F test will tend to select the single-mineral fit as the ''best fit composition'' for cases with larger PWV, because the uncertainty in the computed radiance due to the uncertainty in PWV is larger when the PWV is large. This effect is observed in Table 2 , where the frequency of single-mineral fits ranges from 24%, 34%, 72%, and 18% in the premonsoon, early monsoon, latemonsoon, and postmonsoon periods, respectively, where the PWV is largest during the late monsoon. Nonetheless, the single mineral fits during the late monsoon still indicate that kaolinite is the dominant mineral in the dust, with gypsum also an important component.
[37] Table 2 indicates that kaolinite and gypsum are the most common minerals in the dust above Niamey (from a radiatively significant point of view). Furthermore, we have seen that the four different periods are characterized by different back-trajectory directions, and thus a natural question is to see if the kaolinite fraction F kao , defined above as the optical depth of the kaolinite to the total AOD, has a seasonal dependence. The distributions of F kao for each of the four periods are shown in Figure 12 (gray) for the AERI observations that were best fit by the kaolinite + gypsum mineral composition. Both the premonsoon and postmonsoon periods exhibit a bimodal distribution of F kao with peaks around 0.3 and 0.6; during the early monsoon period there is a third peak around 0.85. (There are relatively few kaolinite + gypsum retrievals during the late-monsoon period, and thus the statistics are not very good.)
[38] To investigate the dependence of F kao with backtrajectory direction, the subset of retrievals associated with a back-trajectory from the easterly octant are indicated in black in Figure 12 . Periods where the back-trajectories are from the east are characterized by smaller F kao values (i.e., larger gypsum fractions F gyp ). Strong deflation events over the Bodélé depression (centered at approximately 17°N, 18°E) often result in large dust loadings that can have large concentrations of diatomite [Washington et al., 2006b] . Diatomite is the fossilized remains of hard-shelled algae, and thus is found in ancient seabeds such as the Bodélé depression. Gypsum is a hydrated calcium sulfate that forms massive beds by precipitating out of highly saline water; thus gypsum may also be associated with the Bodélé depression. Jacobson [2001] concluded that gypsum was the most common solid-phase sulfate aerosol constituent in his global analysis of anthropogenic and natural aerosols.
Furthermore, Tegen et al. [2006] have pointed out that the diatomite aerosols from the Bodélé depression are significantly different than the clay particles from the northern Sahara. The easterly back-trajectories over the AMF site cross over the Bodélé depression, and therefore it seems possible that the decrease in F kao (increase in F gyp ) retrieved from the AERI observations is due to lofting and advection of mineral dust from this depression over Niamey. However, it is also possible that the gypsum over Niamey is the result of transport from much further away.
[39] MIXCRA also retrieves the effective radius (r e ) of the particles for both compositions, and thus the characteristic size of the dust particles can be investigated. Figure 13 shows the distribution of r e for both kaolinite (top) and gypsum (bottom) from the kaolinite-only (solid gray) and kaolinite + gypsum (hashed) retrievals. Effective radii values are shown only if the uncertainty in the retrieved r e is less than 60% of the uncertainty in the a priori r e used in the optimal estimation retrieval (we assumed this uncertainty value to be 0.3 mm); retrievals that satisfy this constraint have enough information in the AERI spectrum to actually determine r e , otherwise the retrieval tends to gravitate toward the assumed a priori r e (0.8 mm for all three minerals). In general, the kaolinite particles have a smaller effective radius (between 1 and 3 mm) than the gypsum particles, which have effective radii between 3 and 5 mm. Diatomite particles from the Bodélé have been shown to be lofted from the surface in ''flakes'' [Tegen et al., 2006] , and the same may happen with possibly gypsum particles as well. The effective radius for the kaolinite in the kaoliniteonly retrievals is slightly smaller than the effective radius of the kaolinite in the kaolinite + gypsum retrievals; this result may be due to a small amount of cross talk in the retrieval algorithm (especially at lower optical thickness when the aerosol signal is small).
Conclusions
[40] We have applied a retrieval method that derives the infrared AOD, effective radius, and the radiatively significant composition of mineral dust observed over Niamey, Niger, in 2006. These dust properties were retrieved from high-spectral-resolution infrared radiance data observed at the surface by the AERI instrument, one of the AMF instruments deployed during RADAGAST. The retrieval technique uses a physical retrieval to determine these dust properties, and propagates uncertainties in the radiative The 16,755 valid retrievals are about 25% of the total number of AERI observations from 7 January 2006 to 6 January 2007; the other samples were excluded owing to clouds in the AERI field-of-view, the retrieval not converging, or if the retrieval was considered to have too much uncertainty in the retrieved variables.
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TURNER: INFRARED RETRIEVALS OF DUST PROPERTIES temperature of the dust layer, the amount of water vapor, and in the AERI radiance observations to provide uncertainties in the retrieved quantities. Three different minerals were used in the retrieval process (kaolinite, gypsum, and quartz), all of which have distinctively different absorption spectra in the thermal (8 -13 mm) infrared. The retrieval algorithm was only run in cloud-free cases, yet over 16700 valid retrievals were made during the 1-year deployment.
[41] Comparisons with the yearlong data set of 11-mm dust AOD retrieved from the AERI with Cimel sunphotometer-derived optical depths at 1.02 mm showed a good linear correlation coefficient (r = 0.913). However, the AERI retrievals have a small positive bias in AOD relative to the CIMEL, even after a small warm bias is removed from the AERI radiance observations.
[42] When the year was separated into 4 distinct periods (premonsoon, early monsoon, late monsoon, and postmonsoon), the 11-mm AOD and radiatively significant composition show a dependence on season. The late-monsoon period has the lowest mean dust AOD, and the composition of the minerals was indicated to be kaolinite-only, kaolinite + gypsum, and gypsum-only in 54%, 19%, and 18% of the samples, respectively. The dust AOD was significantly larger in the premonsoon and postmonsoon periods, when kaolinite+gypsum was the most common composition (69% and 75% of the samples were this composition, respectively). The amount of gypsum in the kaolinite+gypsum retrievals is correlated with back-trajectory direction, with larger amounts of gypsum being retrieved when the back-trajectories cross the Bodélé depression region. The effective radius of the gypsum particles is significantly larger than the effective radius of the kaolinite particles (3 -5 mm versus 1-3 mm, respectively). Interestingly, the results suggest that quartz is a relatively insignificant mineral in the dust over Niamey.
[43] It is important to realize that the dust properties reported here are derived from the emission signature in the thermal infrared. One advantage of retrievals from infrared data is that the dust properties can be retrieved throughout the diurnal cycle. There is also little sensitivity to the composition of the aerosols in the fine mode of the size distribution, or to aerosols or minerals that do not have absorption bands in the 8-to 13-mm wavelength regime. This has both positive and negative aspects; for example, our technique is relatively insensitive to biomass burning aerosols as they tend to be fine-mode particles, and our technique also does not provide sensitivity to some of the minerals (such as hematite) found in the atmosphere. Hematite is an important component of the dust and is an important absorber of shortwave radiation in the visible wavelengths, but it does not have any absorption bands in the thermal infrared. Therefore, to fully characterize both the longwave and shortwave radiative impact of dust, the MIXCRA results must be combined with retrievals (e.g., the MFRSR technique by Kassianov et al. [2005] ) that are sensitive to all of the radiatively significant minerals in the atmospheric dust.
[44] This effort provides a long-term, ground-based characterization of the mineral dust optical, physical, and chemical properties above the Sahel. These retrievals will be very useful in characterizing the radiative properties of the mineral dust over the site [e.g., McFarlane et al., 2008] , evaluating aerosol transport models [e.g., Kinne et al., 2003] , and for validation of satellite retrievals of dust optical depth over relatively bright surfaces.
